We have carried out high angular resolution near-infrared imaging and low-resolution (R∼1000) spectroscopy of the nearest known brown dwarf, ε Indi B, using the ESO VLT NAOS/CONICA adaptive optics system. We find it to be a close binary with an angular separation of 0.732 arcsec, corresponding to 2.65 AU at the 3.626 pc distance of the ε Indi system, as also noted by Volk et al. (2003) . In our discovery paper (Scholz et al. 2003) , we concluded that ε Indi B was a ∼ 50 M Jup T2.5 dwarf: our revised finding is that the two system components (ε Indi Ba and ε Indi Bb) have spectral types of T1 and T6, respectively, and estimated masses of 44 and 28 M Jup , respectively, assuming an age of 1.3 Gyr. Errors in the masses are ±10 and ±7 M Jup , respectively, dominated by the uncertainty in the age determination (0.8-2 Gyr range). This uniquely wellcharacterised T dwarf binary system should prove important in the study of low-mass, cool brown dwarfs. The two components are bright and relatively well-resolved: it is the only T dwarf binary in which spectra have been obtained for both components. They have a well-established distance and age. Finally, their orbital motion can be measured on a fairly short timescale (nominal orbital period ∼ 16 yrs), permitting an accurate determination of the true total system mass, helping to calibrate brown dwarf evolutionary models.
Introduction
Binary systems are a common product of the star formation process and there is no reason to suspect that the same would not hold below the hydrogen-burning limit, in the domain of brown dwarfs. Binary systems offer important advantages in studies of the characteristics of brown dwarfs, in part because the two components are expected to be coeval and have the same chemical composition. The differential measurement of physical parameters such as luminosity, effective temperature, and surface gravity would then provide crucial constraints on evolutionary models. Furthermore, sufficiently tight binary systems would allow the direct measurement of the system mass via the monitoring of orbital motion.
After a number of unsuccessful searches, the first spatiallyresolved brown dwarf binary was found in the solar neighbourhood by Martín, Brandner, & Basri (1999) and, subsequently, high spatial resolution imaging has identified a significant number of such systems (e.g., Close et al. 2002a; Goto Send offprint requests to: M. J. McCaughrean; mjm@aip.de ⋆ Based on observations collected with the ESO VLT, Paranal, Chile. Potter et al. 2002; Gizis et al. 2003; Close et al. 2003) . Indeed, roughly 20% of a magnitude-limited sample of ∼135 L dwarfs and 10 T dwarfs imaged with the HST have been shown to have candidate companions at projected separations of 1-10 AU (Reid et al. 2001; Bouy et al. 2003; Burgasser et al. 2003) . Many of these sources have since been confirmed as physical pairs with second epoch data.
Particularly important among brown dwarfs are those with well-established distances and ages, as their physical parameters can be accurately determined and they can be used as key templates in the understanding of the physical evolution of these substellar sources (e.g., Gl229b: Nakajima et al. 1995; Gl570D: Burgasser et al. 2000 ). An especially rewarding discovery would be a binary brown dwarf system with a wellestablished distance and age, a small separation such that its orbit could be measured on a reasonable timescale, and yet nearby enough that its components would be bright, wellresolved, and thus readily amenable to observations. Scholz et al. (2003; hereafter SMLK03) recently reported the discovery of a new benchmark brown dwarf, ε Indi B, as a very wide (∼1500 AU) companion to the nearby, very high proper-motion (∼4.7 arcsec/yr) southern star, ε Indi A. With an accurate HIPPARCOS distance to the system of 3.626 pc, ε Indi B was the nearest known brown dwarf to the Sun and the brightest member of the T dwarf class by roughly 2 magnitudes in the near-IR. In addition, through its association with ε Indi A, it had a reasonably well-determined age of ∼1.3 Gyr (likely range 0.8-2 Gyr; Lachaume et al. 1999 ). This fortuitous combination of parameters made it a thus far unique object for detailed, high precision studies; in particular, high resolution spectroscopy of its atmosphere could be important as, with a spectral type of T2.5, it was one of the few objects in the transition zone between L and T dwarfs where dramatic changes in the atmospheric properties are known to occur.
Another exciting prospect raised by the discovery of ε Indi B was that deep, high angular resolution imaging might reveal lower-mass companions, potentially even into the planetary domain, at separations small enough (∼ 1 AU) that the orbit could be traced out in only a few years, leading to an accurate, model-independent determination of the total system mass.
We observed ε Indi B with the NAOS/CONICA (henceforth NACO) near-IR adaptive optics system on UT4 (Yepun) of the ESO VLT, Paranal, Chile, on August 13 2003 (UT). It was readily resolved into two components, henceforth ε Indi Ba and ε Indi Bb, as also noted five days later by observers at the Gemini-South telescope (Volk et al. 2003) . Here we present the first ∼0.1 arcsec resolution near-IR imaging and spectroscopy of the ε Indi Ba/b system, from which we determine accurate positions and spectral types for the two components. We then derive effective temperatures and luminosities, and make estimates of the masses based on evolutionary models.
Imaging observations
Adaptive optics imaging observations of low-mass stars and brown dwarfs generally use the source itself for self-guiding and correction (cf. observations of L dwarfs by Close et al. 2003) . However, as a T dwarf, ε Indi B presents a real challenge to adaptive optics. Despite its proximity, it is a very cool, lowluminosity object and too faint in the optical (I∼17 m ) for accurate wavefront sensing. Fortunately though, it is significantly brighter in the near-IR (K∼11 m ) and thus perfectly suited to the unique infrared wavefront sensing capability (IR WFS) of the NACO system (Lenzen et al. 2003; Lagrange et al. 2003) .
At the time of our observations, the natural seeing was a very good ∼0.5 arcsec FWHM. To further ensure the best possible image correction, we used the N90C10 dichroic in NACO, which sends just 10% of the source flux to the science camera, while diverting the remaining 90% to the IR WFS, which was run in 49 subaperture mode. Combined, these factors enabled us to obtain the sharpest ever (0.08 arcsec FWHM at 2 µm) infrared images of a binary T dwarf.
Standard near-IR AO observing procedures were followed. In each of the J, H, and K s broad-band images, a total of 18 spatially dithered (∼3 arcsec) images were obtained, each with a 5 second integration time. The S27 camera was used with an image scale of 27.07±0.05 milliarcsec/pixel and a total field-of-view of 27.7×27.7 arcsec. The VLT derotator maintained north along the Y-axis of the science detector to within 0.06 ± 0.143
• throughout. Sky subtraction, flat-fielding, cross- Table 1 . Relative astrometry and photometry for ε Indi Ba and ε Indi Bb. The image scale in the NACO S27 camera was measured as 27.07 ± 0.05 mas/pixel during NACO commissioning using astrometric binaries and Galactic Centre imaging. The system position angle offset was measured using images taken of the astrometric binary WDS 19043−2132 on August 13 in the same camera configuration: the error in the determination was ±0.143
• . The errors in the mean separation and position angle include the NACO data measurement errors and the errors in the system parameters. Differential magnitudes measured by Volk et al. (2003) and Smith et al. (2003) m correlation, and image alignment to within 0.01 pixels were carried out using custom scripts (Close et al. 2002a,b) and standard IRAF programs. The total integration time in each filter was 90 seconds and the final FWHM was 0.116, 0.100, and 0.084 arcsec at J, H, and K s , respectively.
The resulting images are shown in Figure 1 : the new, fainter source, ε Indi Bb, is well resolved for the first time from ε Indi Ba, and is relatively bluer. The rest of the NACO field is empty to a limiting magnitude ∼3 m fainter than ε Indi Bb, immediately suggesting that they constitute a physical pair. Volk et al. (2003) checked the 1999.9 epoch 2MASS survey images at the coordinate where the fast-moving ε Indi Ba was located at the 2003.6 epoch of their Gemini-South observations. They found no source with the characteristics of ε Indi Bb, and thus concluded that the two sources must be comoving. Finally, we have checked some short, 0.6 arcsec FWHM seeing VLT FORS1 optical acquisition images taken of ε Indi B on June 2003 which also in retrospect show the source to be binary. The separation and position angle of the system were measured to be 0.57±0.08 arcsec and 139.5±2.6
• , respectively, i.e., close to the parameters measured from the NACO images (Table 1) . Due to its very high proper motion, ε Indi B moved 0.8 arcsec in those two months: the separation and PA could not have remained constant unless ε Indi Bb is a comoving, physical companion to ε Indi Ba.
PSF-fitting photometry techniques (IRAF DAOPHOT)
were used to measure the relative positions, position angle, and fluxes in all three filters (Table 1 ). The mean separation of 0.732 ± 0.002 arcsec at the distance of 3.626 ± 0.01 pc distance of ε Indi Ba/b (SMLK03) corresponds to a projected spatial separation of 2.65 ± 0.01 AU. Table 2 lists optical/near-IR photometry and positional data for the system taken from archival photographic plates, the 2MASS and DENIS near-IR sky surveys. There is good agreement between the three K s /K band magnitudes, but there is a relatively large difference (∼0 m . 2) between the 2MASS Point Source Catalog (2MPSC) and DENIS J magnitudes, and between the 2MPSC and 2MASS Quick Look Atlas (2MQLA) magnitudes derived independently by SMLK03 using M dwarfs for calibration. Also, the 2MPSC H magnitude ∼0 m . 3 is brighter than that derived from the 2MQLA by SMLK03. Variability is known to occur in T dwarfs (cf. Artigau, Nadeau, & Doyon 2003) , but as the 2MPSC and 2MQLA magnitudes are in principle derived from the same source imaging, this appears not to be the answer. At present, we have no explanation for this problem and thus here we will simply use the 2MQLA magnitudes for consistency with the analysis of SMLK03. These values are given in Table 3 , along with the magnitudes for the individual components derived using the NACO differential measurements from Table 1 and assuming that the NACO and 2MASS JHK s colour systems are identical for present purposes. Table 3 also shows the magnitudes transformed from the the 2MASS/NACO JHK s system to the MKO JHK system using the colour equations of Cutri et al. (2003) . Table 2 . Astrometry and photometry for the combined ε Indi Ba/b system from the SuperCOSMOS Sky Surveys based on ESO Schmidt (SSS-ESO) and UK Schmidt (SSS-UK) photographic plates (Hambly et al. 2001a,b) , the 2MASS Quick Look Atlas (2MQLA; SMLK03), the 2MASS Point Source Catalog (2MPSC; Cutri et al. 2003) , and the DENIS second data release (http://vizier.u-strasbg.fr/viz-bin/Cat?B/denis). Finally, a more detailed analysis of the additional optical and IR survey data allows us to determine a more refined proper motion for the combined ε Indi Ba/b system: it is now much more consistent with that known for the bright primary star, ε Indi A (Table 4 ). The remaining difference of ∼ 30 mas/yr is consistent with the expected differential motion due to orbital motion of ε Indi Ba/b around ε Indi A: if the 1459 AU projected separation corresponds to an orbit lying in the plane of the sky, the maximum differential proper motion between ε Indi A and ε Indi Ba/b would be ∼ 39 mas/yr. Table 3 . Adopted near-IR magnitudes for the combined ε Indi Ba/b system and derived individual magnitudes for the two components. The NACO and 2MASS JHK s colour systems are assumed to be identical for this exercise, and the transformations to the MKO system have been made using the colour equations given by Cutri et al. (2003 
Spectroscopic observations
Following the direct imaging, NACO was used in long slit grism mode to obtain R∼1000 classification spectroscopy in the H band (mode S54 3 H, nominal coverage 1.5-1.85 µm, 6.8Å/pixel dispersion, S54 camera with 54.3 mas/pixel). By turning the instrument rotator, both sources were placed on the slit simultaneously and a series of 12×2 minute exposures were made, dithering to different locations along the slit between exposures. For the spectroscopic observations, the NACO K dichroic was used to send full H band flux to the science detector and just the K band flux to the IR WFS. This choice maximised the signal-to-noise in the spectra but reduced the number of photons available to the IR WFS by roughly 60% compared to the imaging. As a result, the adaptive optics correction was poorer, yielding a spatial resolution of typically 0.3 arcsec FWHM. However, this was nevertheless adequate to ensure well-separated spectra for the two components of the 0.732 arcsec binary.
Observations were also made of the nearby star HD209552 (G2V) shortly afterwards in order to measure the telluric absorption. Tungsten-illuminated spectral dome flats were taken in the same configuration at the end of the night.
Data reduction was standard, employing the IRAF long-slit spectroscopy packages. For each source spectral image, several (typically three) other images with the sources at different locations were combined to make a clean sky image which was subtracted to remove the OH airglow emission. The image was then divided by the spectral dome flat. Then returning to the raw data, the OH lines and the source spectra were traced in order to determine the geometric transformation which lin- earised the dispersion, placed the OH lines horizontally along rows, and the source spectra vertically down columns. This transformation was applied to all 12 sky-subtracted, flat-fielded images, which were then aligned and co-added with intensity weighting. Individual spectra for ε Indi Ba and ε Indi Bb were then optimally extracted. By careful measurement of the spatial FWHM along the spectra, it was possible to assess the spectral crosstalk as ∼2.5%, i.e., at the spatial location of ε Indi Bb, the flux of ε Indi Ba is reduced to 2.5% of the flux at its spatial location, and vice versa. At the wavelength of maximum contrast between the two sources, the brighter source ε Indi Ba adds roughly 30% to the flux of the fainter ε Indi Bb, although more typically it is below 10%. Thus in order to remove the crosstalk, an appropriately scaled version of the ε Indi Ba spectrum was subtracted from the ε Indi Bb spectrum and vice versa.
Finally, the two source spectra were divided by the spectrum of the atmospheric calibrator, similarly reduced and extracted, and then multiplied back by a template solar spectrum (Maiolino, Rieke, & Rieke 1996) smoothed to the resolution of the NACO spectra (∼ 17Å FWHM, R∼1000). Flux calibration was achieved using the H band magnitude given for ε Indi Ba in Table 3 and using the 2MASS H filter profile.
The resulting spectra are shown in Figure 2 , with the major H 2 O and CH 4 absorption bands marked. A more detailed analysis is postponed to a future paper, when we should also have higher-resolution spectra covering the entire near-IR, but here we simply use the spectra to provide spectral classifications using the indices of Burgasser et al. (2002) and Geballe et al. (2002) . In both systems, the H band contains two indices, one measuring the 1.5 µm H 2 O band, the other the 1.6-1.7 µm CH 4 band, and Table 5 gives the values and correspondingly derived spectral types for the two sources. The two Burgasser et al. (2002) indices and the Geballe et al. (2002) CH 4 index all give relatively consistent spectral types of T1±0.5 and T6±0.5 for ε Indi Ba and ε Indi Bb, respectively, while the Geballe et al. H 2 O index yields T0 and T4. It is worth noting that this index yields a spectral type of T4.5 for Gl 229b, while it is more commonly thought of as ∼T6 based on a broader range of indices (Burgasser et al. 2002; Geballe et al. 2002) . Thus, for present purposes we assign spectral types of T1 and T6 to the two components of the ε Indi Ba/b system. Table 3 . The excellent signal-to-noise of the spectra is seen in the relatively smooth 1.58-1.62 µm range; the 'ripples' shortward of 1.56 µm and longward of 1.72 µm are real features, predominantly due to H 2 O and CH 4 (cf. Geballe et al. 2001; Leggett et al. 2002; McLean et al. 2003; Cushing, Rayner, & Vacca, personal communication) , but also possibly in part due to FeH (cf. Cushing et al. 2003) . The deep double CH 4 absorption trough seen in both sources at 1.67 µm is also seen in the T6 dwarf Gl229b (Geballe et al. 1996) , as is the adjacent absorption feature at 1.658 µm seen in ε Indi Bb.
Revised physical properties
With the individual magnitudes and spectral types, along with the accurate distance and relatively well-determined age of the ε Indi Ba/b system, we are able to estimate their physical parameters, as shown in Table 6 .
As the magnitudes in Table 3 have been transformed to the MKO system, we can use the bolometric corrections determined for late-M, L, and T dwarfs by Leggett et al. (2002) . From their Figure 3 . 1 for spectral types T1 and T6, respectively. The differences are due at least in part to the paucity of T dwarfs with well-determined distances: along with the samples of T dwarfs measured in infrared parallax programs (Tinney, Burgasser, & Kirkpatrick 2003) , ε Indi Ba and ε Indi Bb will prove important additions once their thermal-infrared magnitudes have been measured, along with sources being studied Applying the Leggett et al. (2002) . 69 for the Sun, we then obtain log L/ L ⊙ =−4.77 and −5.36 for ε Indi Ba and ε Indi Bb, respectively. The errors in this derivation include those in the NACO and 2MASS photometry, the 2MASS-MKO colour equations, and the distance estimation, but are dominated by the uncertainty in the bolometric corrections. Following SMLK03, we adopt a cumulative error of ±20% in our luminosity determinations. In SMLK03, we followed the same procedure to this point for ε Indi B and then derived T eff by assuming a radius determined from a relationship between R/ R ⊙ and M bol given by Dahn et al. (2002) and modified by Reid. That relationship was derived from the evolutionary models of the Lyon (Chabrier et al. 2000) and Arizona (Burrows et al. 1997) groups for L dwarfs at ∼3 Gyr and M bol =12 m -16 m . 5 and predicts a slightly decreasing radius with decreasing luminosity. However, ε Indi Ba and ε Indi Bb are younger T dwarfs with Table 6 . Physical parameters for the two components of the ε Indi Ba/b system derived using the COND models of Chabrier et al. (2000) and Baraffe (personal communication) covering the plausible range of ages (0.8, 1.3, and 2.0 Gyr) for the system (Lachaume et al. 1999; SMLK03) . See text for a detailed discussion of the derivation and the errors in the assumptions, as well as the masses derived similarly from the Burrows et al. (1997) . 5 and, importantly, lie in a domain where the models predict an increase in radius with decreasing luminosity due to electron degeneracy pressure support.
Therefore, in order to circumvent this relation, we proceed straight to the models and examine the predicted mass versus luminosity relations for the appropriate age. As discussed in SMLK03, Lachaume et al. (1999) proposed an age of 1.3 Gyr (with a range of 0.8-2 Gyr) for ε Indi A based on its rotational properties, and we adopt those ages for ε Indi Ba/b here.
For the luminosity of ε Indi Ba, the latest Lyon models (Baraffe et al. 2003 ) yield masses of ∼35-52 M Jup for the range 0.8-2 Gyr, with 43 M Jup for 1.3 Gyr. Similarly, the Arizona models (Burrows et al. 1997 ) yield 36-55 M Jup , with 45 M Jup for 1.3 Gyr. For ε Indi Bb, the Lyon models yield 21-33 M Jup , with 27 M Jup at 1.3 Gyr; the Arizona models yield 23-36 M Jup , with 28 M Jup at 1.3 Gyr. It is important to note that these mass estimates are not significantly affected by the 20% errors in the luminosities: the errors are dominated by the age uncertainty. Even then, the masses are reasonably well constrained: we adopt 44±10 M Jup for ε Indi Ba and 28±7 for ε Indi Bb.
The models can also be used to predict the radii, in order to allow us in turn to determine the effective temperatures. For the median age of 1.3 Gyr, the Lyon models predict radii of 0.091 and 0.096 R ⊙ for the luminosities of ε Indi Ba and ε Indi Bb, respectively. Assuming T eff =5771 K for the Sun, we then derive T eff =1240 K and 850 K for ε Indi Ba and ε Indi Bb, respectively. The models predict changes of ±5% in the radii across the 0.8-2 Gyr age range, yielding corresponding uncertainties in the effective temperatures of +25/−50 K for ε Indi Ba and ±20 K for ε Indi Bb.
It should be pointed out that Smith et al. (2003) find a significantly higher effective temperature of ∼ 1500 K for ε Indi Ba based on model atmosphere fitting of high resolution (R=50,000) near-IR spectra covering lines of CO, H 2 O, and CH 4 . Contamination in their spectra from the thenunknown ε Indi Bb appears to be minimal. They note that spectroscopically-determined effective temperatures are frequently higher than those calculated using structural models to predict the radius as we have done here, although they offer no explanation why this may be the case. The degree of the disagreement can be illustrated thus. Smith et al. (2003) use their effective temperature along with the published luminosity for ε Indi B of SMLK03 to determine its radius: adjusting for the luminosity derived here for ε Indi Ba alone, we recalculate that radius as 0.061 R ⊙ , i.e., considerably smaller than the minimum radius of ∼0.085 R ⊙ predicted by structural models for low-mass objects at ages 0.8-2 Gyr. Direct measurements of the radius of ε Indi Ba through long-baseline interferometry may help solve this dilemma: at 3.626 pc, 0.085 R ⊙ subtends ∼ 0.25 milliarcsec, challenging but perhaps not impossible (cf. Ségransan et al. 2003) .
Discussion
It is evident that ε Indi Ba and ε Indi Bb are very special entries in the growing catalogue of brown dwarfs. They are at a very well-defined distance and have a reasonably well-known age, implying that bolometric luminosities can be measured accurately and then used to determine masses by reference to evolutionary models. The fact that they constitute a binary system means that the distances and ages are the same for both objects, making them a powerful differential probe of these models. To date, only two other T dwarf binaries are known ) and neither of these have known ages.
The proximity of ε Indi Ba/b to the Sun means that the two components are bright and their relatively large angular separation implies that detailed physical studies of both sources will be possible, as foreshadowed by the results given in the present paper. At the same time, they are also close enough to each other physically that their orbits can be measured on a reasonable timescale. Assuming masses of 44 and 28 M Jup and a semimajor axis of 2.65 AU, a nominal orbital period of 16.1 years is deduced, although obviously projection effects, orbital eccentricity, and errors in our mass determinations mean that the period could be both longer and shorter.
The reward for determining the orbit is a modelindependent determination of the total system mass, in turn placing strong constraints on the evolutionary models. Of the other two binary T dwarf systems, one (2MASS 1225−2739AB) has a possible period of ∼ 23 years, while period of the other (2MASS 1534−2952AB) may be only ∼8 years : however, the latter system is extremely tight with a 0.065 arcsec separation, making it very difficult to obtain separate spectra or accurate astrometry. Luckily, ε Indi Ba/b has a a small enough physical separation to help determine its orbit fairly quickly and yet it is close enough to the Sun to allow both components to be well separated. Indeed, if radial velocity variations in the system can also be measured, the individual component masses can also be determined. If the orbit were to lie perpendicular to the plane of sky, a maximum differential radial velocity ∼ 5 km s −1 would be expected. This is readily measurable in principle, although Smith et al. (2003) have found that ε Indi Ba has a high v sin i value of 28 km s −1 , making it harder in practice.
In any case, ε Indi Ba/b will likely prove crucial for an empirical determination of the mass-luminosity relation for substellar objects: accurate, long-term astrometric and radial velocity monitoring of the pair should start as soon as possible.
Finally, it is worth commenting briefly on the provocative suggestion made by Volk et al. (2003) in their discovery announcement, that ε Indi Bb might be a 'large planet' in orbit around ε Indi Ba. In their data, ε Indi Bb is seen to be only ∼1 m fainter than ε Indi Ba at ∼1 µm and cursory examination of evolutionary models (e.g., Chabrier et al. 2000) reveals that at ∼1 Gyr, a 10 M Jup object would be some 4 m -6 m fainter than ε Indi Ba at these wavelengths, while a 5 M Jup object would be >8 m fainter. Thus even from their results, it should have been obvious that ε Indi Bb could not be a planet and our combined imaging and spectroscopy demonstrate clearly that ε Indi Ba and ε Indi Bb are 'just' brown dwarfs, albeit very exciting ones.
